To study the perceptual structure of musical timbre and the effects of musical training, timbral dissimilarities of synthesized instrument sounds were rated by professional musicians, amateur musicians, and nonmusicians. The data were analyzed with an extended version of the multidimensional scaling algorithm CLASCAL (Winsberg & De Soete, 1993), which estimates the number of latent classes of subjects, the coordinates of each timbre on common Euclidean dimensions, a specificity value of unique attributes for each timbre, and a separate weight for each latent class on each of the common dimensions and the set of specificities. Five latent classes were found for a threedimensional spatial model with specificities. Common dimensions were quantified psychophysically in terms of log-rise time, spectral centroid, and degree of spectral variation. The results further suggest that musical timbres possess specific attributes not accounted for by these shared perceptual dimensions. Weight patterns indicate that perceptual salience of dimensions and specificities varied across classes. A comparison of class structure with biographical factors associated with
Introduction
Timbre, in contrast to pitch and loudness, remains an auditory attribute, which has been until recently, poorly understood from a psychophysical standpoint. In fact until about 25 years ago, timbre was considered to be a perceptual parameter of sound that was simply complex and multidimensional, defined primarily by what it wasn't: what distinguishes two sounds presented in a similar manner and being equal in pitch, subjective duration, and loudness (American Standards Association, 1960; Plomp, 1970) . This multidimensionality makes it impossible to measure timbre on a single continuum such as low to high, short to long, or soft to loud, and raises the problem of determining experimentally the number of dimensions and features required to represent the perceptual attributes of timbre and of characterizing those attributes psychophysically.
Multidimensional scaling (MDS) has been a fruitful tool for studying the perceptual relationships among stimuli and for analyzing the underlying attributes used by subjects when making (dis)similarity judgments on pairs of stimuli (Kruskal, 1964 a,b; Shepard, 1962 a,b) . The object of MDS is to reveal relationships among a set of stimuli by representing them in a low-dimensional (usually Euclidean) space so that the distances among the stimuli reflect their relative dissimilarities. To achieve this representation, dissimilarity data arising from N sources, usually subjects, each relating J objects pairwise, is modeled by one of a family of MDS procedures to fit distances in some type of space, generally Euclidean or extended Euclidean of low dimensionality R. The different dimensions are then interpreted as psychologically meaningful attributes that underlie the judgments. An important distinction among different MDS techniques (which we discuss below) is the kind of spatial model used to represent the distances between pairs of stimuli.
Multidimensional scaling of (dis)similarity judgments has been the tool of predilection for exploring the perceptual representation of timbre (e.g. Plomp, 1970; Miller & Carterette, 1975; Grey, 1977; Krumhansl, 1989; Kendall & Carterette, 1991) . There are several reasons for this choice: (1) the judgments are relatively easy to make for subjects; (2) the technique makes no apriori assumptions about the nature of the dimensions that underly the perceptual representation used by subjects to compare the timbres of two sound events; (3) the resulting geometric representation of the data can be readily visualized in a spatial model; and (4) the spatial model has been found to have predictive power (Grey & Gordon, 1978; Ehresman & Wessel, 1978; Kendall & Carterette, 1991; McAdams & Cunibile, 1992) .
The object of the present paper is to illustrate the use of a new MDS technique in the study of musical timbre. This new technique provides a means for determining a parsimonious number of psychologically meaningful dimensions common to all stimuli as well as dimensions specific to individual stimuli, and to assign the sources (subjects) to a small number of latent classes. Hence in contrast with previous studies of musical timbre, a large number of subjects with widely varying musical experience were employed. Since maximum likelihood estimation was used to determine the parameters of the model, statistical tests were employed to select both the number of latent classes and the appropriate spatial model, including the number of psychologically meaningful common dimensions and whether to include specific dimensions.
Below we present brief surveys of the different MDS distance models and their use in the study of musical timbre. We then present an experimental study of the timbre of complex, synthesized sounds using the new technique. In addition to providing further support for the psychophysical interpretation of certain primary dimensions of musical timbre, this study has three facets that further advance our knowledge of timbre perception: (1) the use of complex, synthetic sounds designed either to imitate acoustic instruments or to create perceptually interpolated hybrids between such instruments; (2) the estimation of specific attributes (denoted specificities) possessed by individual sounds not accounted for by the common dimensions of the Euclidean spatial model; (3) the estimation of latent classes of subjects and the comparison of this class structure with degree of musical training and activity.
Multidimensional scaling analysis
Distance models. In the classical MDS model the objects are assumed to possess collectively a small number of psychological attributes. The classical model was proposed by Torgerson (1958) and Gower (1966) and used by Shepard (1962 a,b) and Kruskal (1964 a,b) . This type of model is implemented in programs such as MDSCAL and KYST for nonmetric MDS. The Euclidean distance, dj.~,, between the stimulij andf is given by where xs,. is the coordinate of stimulus j on the dimension r (j,f = 1, ..., J) .
In this model, the distance between a pair of stimuli does not depend on the data source or subject. In the classical model, the choice of axes is arbitrary as the model distance does not depend upon this choice. Thus this model is rotationally invariant. In the weighted Euclidean model, however, psychologically meaningful dimensions are postulated. These common dimensions are weighted differently by each source or subject. That is, it is assumed that each dimension has a different salience for each source or subject. The INDSCAL, or weighted Euclidean distance, model proposed by Carroll and Chang (1970) removes the rotational invariance that exists in the classical Euclidean distance model. The distance, dss,,, between stimuli j and j' for source n in the weighted Euclidean model is given by
where xj~ is the coordinate of stimulus j on dimension r (j = 1, ..., J), and w,r is the weight for dimension r associated with source n (n = 1, ..., N;w,,r > 0). Since psychologically meaningful dimensions are postulated in the weighted Euclidean model and these dimensions are weighted differently by each source or subject, rotational invariance is removed. The lack of rotational invariance makes the interpretation much easier for the user, since it is often difficult to find psychologically interpretable dimensions (by rotation in R space), if the classical distance model is postulated and the dimensionality of the space exceeds two.
In addition to sharing the common dimensions, the stimuli may differ in ways that are specific to each one. A spatial model that is more appropriate in this case (postulating both common dimensions and specificities) has been proposed and tested on several data sets (see Bentler & Weeks, 1978; De Leeuw & Heiser, 1980; Takane & Sergent, 1983; Winsberg & Carroll, 1989a; and De Soete, Carroll, & Chaturvedi, 1993) . To distinguish this model from the classical (Euclidean, spatial) MDS model, Winsberg and Carroll (1989a) called it the extended two-way Euclidean model with common and
